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A High-Level Computational Study on the Thermochemistry and Thermal Decomposition
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The calculations of enthalpies and free energies for various monomolecular decompositions of sulfur mustard
using G2(MP2) theory have shown that noncatalytic thermal destruction of this chemical warfare agent
apparently is not feasible at temperatures up to 1800 K at least. Environmentally robust decomposition/
destruction demands operating conditions in excess of 2000 K to insure intrinsic safety in the absence of a

catalyst. The preferable decomposition pathways involvéC@Gnd C-S bond cleavages. The G2(MP2)-
calculated enthalpy of formation of sulfur mustardi86.86 kcal/mol for the lowest energ conformation.

1. Introduction

There are few organic compounds that have garnered the
notoriety afforded “sulfur mustard” (22lichloroethyl sulfide).
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is a vesicant or blistering chemical warfare agent, for which
there still is no effective therapy. It is one of the oldest

combustion reactions involve a spectrum of unimolecular,
bimolecular, and higher order reactions with oxygen, oxygen-
containing species, and substrate radical fragn¥éniis raises

an intriguing question as to the fate of toxic materials that can
pass through the incinerator without experiencing the pertur-
bative influence of such highly reactive species. At higher
temperatures the thermal decomposition of mustard provides
the chain initiation step resulting in the formation of radic4ls.
These radicals can be involved in recombination reactions or
be oxidized in the secondary thermal zone. What is the final
disposition of HD that is simply exposed to the high temperature
of the reaction zone? In this report we examine which chemical
bonds would break initially in a pyrolytic mode and predict the

chemical warfare agents that has been produced by man andanticipated fate of the initially formed radical fragments.

was first introduced in 1917 Although this dehabilitating
nerve agent is a liquid of low volatility, it is often referred to
as “mustard gas”. Sulfur mustard (HD) is a major component
in stockpiles of chemical warfare agents that have been
manufactured subsequentlyinternational meetings have been
convened recently to discuss methods of destruction for HD
and related agen#s. While incineration was chosen initially
as the preferred method of disposal, alternative mefiédse

Another of the primary difficulties encountered in the
destruction of “mustard” after decades of storage is that it rarely
exists in a uniform physical state. “Mustard” that has been held
in metal containers has become partly or even mostly gelled or
crusty?@2 Therefore, the application of traditional bimolecular
chemical methods to destroy mustard (e.g., reaction with a strong
aqueous bas#) is hampered by the absence of reliable,
reproducible data on the chemistry of gelled or crusty “mustard”.

now under consideration as local citizens groups have questionedf specific chemical reactions that take place in the condensed
the environmental integrity of incineration methods. Significant phase are chosen to destroy “mustard”, the intractability of the
nonuniformities in the high temperature primary combustion resjqual material often constitutes a major problem since the
region, as well as the exit zone, can arise even during quasi-attacking reagent in bimolecular processes can not gain access

steady processiniy. Temperature gradierfscan also have a
deleterious effect upon the destruction removal efficiency (DRE)
and produce products of incomplete combustion (PIC) that can
rival or exceed the toxicity of the initial feed stream. Such
monofunctional analogues of sulfur mustard as 2-chloroethyl
ethyl sulfide that can be formed upon the thermal decomposition
of sulfur mustard and 4-carboxybutyl 2-chloroethyl sulfide are
also vesicants.

Combustion is a process where compounds are broken dow
by high temperature oxidation and/or pyroly&s.Typical
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to the reaction site.

Many studies on HD were made before highly sensitive
modern analytical techniques became available in chemistry.
Some of that research was performed without special care in
the definition of experimental conditions and with a less than
rigorous evaluation of the data. As a consequence, there are
some gaps in the reliability of the chemistry of sulfur musgdrd.
The data on the gas-phase enthalpies of formation and combus-
tion of HD are not yet availabtedespite their importance for
the evaluation of its destruction by a free radical oxidative
process. The incompleteness of the thermochemical data sets
for radical intermediates formed in the course of the thermal
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established experimental values, gives an average absolute
deviation from experimental atomization energies of 1.21 kcal/
mol.1220 As we show in the present study, only high-level
calculations are capable of providing accurate data on the
thermochemistry of sulfur mustard, particularly on its bond
dissociation energies.

The high toxicity of sulfur mustard is ascribed to the forma-
tion of the cyclic episulfonium catio2 through anchimeric
assistance of thg-sulfur atom displacing a chloride ion in a
solvolytic procesg! This highly reactive episulfonium cation
which was computationally studied earlier at the HF |€9él,

is an exceptional bifunctional alkylating agent and its principal
Lok <sc2c3c1=_ 1799 (1798) target when it enters cells is DNA. Therefore, we have also
© (1.087) <Ci8C,Cy =822 (83.5) addressed the question whether episulfonium cafios the
1b C, lowest isomer of CIGHgS" or if an open-chain cation can
compete with2 in stability.

110.4°
(110.5)

1.093 A
(1.091)

Figure 1. The lowest energ{, conformation {b) of sulfur mustard
optimized at the MP2(full)/6-31G(d) and B3LYP/6-311G(d,p) (values 2. Computational Methods

in parentheses) levels of theory. I . . .
P ) y Ab initio molecular orbital calculatio?$were performed with

. the GAUSSIAN 94 system of progrard%.The Becke's three-

decomposition of mustard results from the experimental di . . ! .
P P parameter hybrid functional combined with the Lee, Yang, and

ficulties in studying such short-lived intermediates. Theoretical . ;
ICUTEs 1N Studying su vee! I °@ parr (LYP) correlation functiondf? denoted B3LYP?® was

methods have now reached a degree of reliability where they . . . . .
employed in the calculations using density functional theory

can provide an alternative source of data on the thermochemistr . 2 i
of cr?emical warfare agents y(DFT). Geometries were optimiz€dusing the 6-311G(d,p)

: - basig? set in B3LYP calculations and the 6-31G(d) basis
There have been few computational studies of sulfur - .
mustard=10 reported to date. In appioneering study, Bartlett et setin calculations at the MP2 level. The MP2/6-31G(d)-calcu-
al. calculated harmonic frequencieslafat the HF/3-21G levé. lated geometnesz were used for computing G2(MP?2) energies.
The C-C, C—S, and C-CI bond energies of sulfur mustard G2(MP2) theory? corresponds effectlvely to_ the QCISD(T)/
were computed by Politzer and Habibollahzadeh at the MP2/ 6-311+G(3df,2p)//MP2/6-31G_(d) IeveI_W|th Incorporation .Of
6-31G(d) level. The episulfonium catior2 formed from HF/6-31G(d) scaled zero-point energies and so-called higher

neighboring sulfur participation involving heterolytic-Cl bond level corrections. A scaling factor of 0.9614 was used for the

cleavage has been studied by Broch et al. using HF/6-31G(d)B?’LYP/G'gllG(Q’p) harmonlc_ freque_nc@s.Enthz_ilpy tem-
calculation$2 However, all of the above calculations were all perature corrections were derived using harmonic frequencies

: hich were computed at the HF/6-31G(d) level and scaled by
carried out for theC,, geometr of sulfur mustard. Recent W . o
calclulaticl:ns by Doznogvan andylgz)nﬁ?ﬁ hua\;Je shLi)wn that while 0.8929 accord]ng to the GZ(MPZ) metthStandard Stat'St'Cal.
lais the lowest energy conformer if molecular mechanics thermodynamics formulas, using the rigid-rotor and harmonic-

methods (MM2 and MM3) are used, AM1, HF/6-311G(d,p), oscillator approximations, were employed in the calculatf@ns.

Corrections for internal rotation are discussed in the text.
MP2/6-31G(d), and MP2/6-311G(d,p)//HF/6-311G(d,p) calcula- ) ; .
tions favor aC, structure {b). The all-anti structurela is Theoretical enthalpies of formatiort @ K and 298 K,AH;,

2.46 kcal/mol higher in energy thab (Figure 1) at the MP2/ andA_HfZQ_S’ respecti\_/ely, were derived from cglculated GZ(MPZ.)
6-311G(d,p)//HF/6-311G(d,p) level. Two other conformations atomization energies (see ref 26 for details) for the species

: : t 0 or 298 K and standard experimental enthalpies of for-
are less than one kcal/mol higher in energy ti@&rstructure at v i
(1b).10a '9 ! gy tidarstructu mation for the atoms at 0 or 298 K, respectively. The com-

. . . ]
To evaluate the feasibility of the thermal destruction of sulfur pendium of Lias et a’%was used as the source of thermody

mustard, reliable data on the thermochemistry of sulfur mustard namical datg unless stated otherwise. Experimental tempera-
and, particularly, on its bond dissociation energies, are required.ture corrections for atoms, taken frO”.‘ ref 27b, were used.

Since the experimental data necessary to examine the thermo]’hroughout_the text, bond lengths are in angstroms and_ bond
chemistry of sulfur mustard are not available at the present time,angles are in degrees. The enthalpies and free energies for

we have carried out calculations using density functional theory atoms at 1809 K taken from ref 27b were used in caIcuIauon;
(DFT)1 and G2(MP2) theory? DFT methods have gained of the enthalpies and free energies at 1800 K for the decomposi-
great popularity in recent ye;alrs because of their success intion reactions of sulfur mustard and those species that are formed

calculations of atomization energi€sheats of formatior? as products.
bonding energie¥ proton affinities!® and harmonic frequencies
of polyatomic moleculey’” Among various proposed function-
als, the Becke’s three-parameter hybrid functiéifdPcom- Geometry of Sulfur Mustard. We have found that th€,
bined with the Lee, Yang, and Parr (LYP) correlation functi&lal  structurelb of sulfur mustard is 2.24 and 1.85 kcal/mol lower
and denoted as B3LYPP appears to be the best to date. We in energy than theCs structurela at the B3LYP/6311G(d,p)
have studied the thermochemistry of the decompositiobbof  and B3LYP/6-31%G(3df,2p)//B3LYP/6-311G(d,p) levels, re-
using G2(MP2) theory? Applications of G2(MP2) theory have  spectively. Therefore, we have considered only struclire

a demonstrated performance in calculations of heats of forma-in further discussions. Its geometry optimized at the B3LYP/
tion, ionization energies, electron affinities, bond energies, 6-311G(d,p) level is close to the MP2/6-31G(d) calculated
proton affinities, and aciditie®¥. The G2(MP2) theory tested = geometry even though different basis sets are employed (Figure
on a total of 125 energies (dissociation energies, ionization 1). The G-C bond lengths in structurgéb (1.519 A at the
energies, electron affinities, and proton affinities) having well- B3LYP/6-311G(d,p) level) are shortened as compared with that

3. Results and Discussion
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Figure 2. Selected geometrical parameters of the productseECC—S, C-C, and C-H bond cleavages in sulfur mustarthj optimized at the
MP2(full)/6-31G(d) level of theory.

in ethane (the experimental gas phase electron diffraction (ED) open-chain isomefsof cyclic cation2 at the MP2/6-31G(d)
valueis 1.5326 A) and in ethanethiol (1.529 &).In contrast, and B3LYP/6-31G(d) levels eventually led2o The geometries
the B3LYP calculated ECI bond lengths (1.824 A) are slightly ~ of 2 and other products of sulfur mustard decomposition are
elongated when compared with those in methyl and ethyl shown in Figure 2.

chloride (their experimental values are 1.77énd 1.789 A2° The natural population analysis (NFApf the wave function
the MP2(full)/6-31G(d)-optimized value is 1.788 A). This small calculated at the B3LYP/63H#G(3df,2p) level forlb shows
difference may reflect a long-range interaction with fhsulfur that the carbon atoms bear negative charges. The sulfur has a

atom. The G-S bond length and the CSC valence anglé&bn positive charge of 0.2137 and this should make it easier for the
are close to those in dimethyl sulfide (1.802 A and 98,87 sulfur mustard molecule to form the sulfonium cation intermedi-
respectively?® Our attempts at the geometry optimization of ate?2 in the hydrolysis reaction.
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TABLE 1: Harmonic Frequencies (in cm~1) of the C, and TABLE 2: Calculated G2 and G2(MP2) Gas-Phase
C,, Structures of Sulfur Mustard Calculated at the B3LYP/ Enthalpies of Formation (in kcal/mol) of 1,2-Dichloroethane
6-311G(d,p) Level and the Experimental Values and Related Prototypical Molecules as Well as the

calculated calculated calculated calculated Experimental AH,,, Values

frequency frequency frequency frequency molecule, method AH, AH,gq
(unscaled, (scal;ad, (unscaled, (scaled, experimental methyl chloride, G2 1856 2054
C) C) Ca) Ca) frequency methyl chloride, G2(MP2) -19.17  —21.14
3164 (a) 3041 (5) 3157 fp 3035 methyl chloride, exptl 7.7 —19.6£ 0.2
3163 (b) 3040 (5) 3156 (b 3034 3003 ethyl chloride, G2 —24.06 —27.64
3120 (a) 2999 (1) 3110 {p 2990 ethyl chloride, G2(MP2) -24.46  —28.03
3119 (b) 2999 (1) 3107 (b 2987 2964 ethyl chloride, exptl —26.834+ 0.18
3100 (b) 2980 (23) 3095 ¢p 2976 2933 methanethiol, G2 —-2.86 -5.25
3099 (a) 2979 (3) 3095 (p 2976 2915 methanethiol, G2(MP2) —3.57 -5.97
3072 (a) 2953 (1) 3058 £p 2940 methanethiol, exptl —2.9 55+ 0.1°
3071 (b) 2952 (7) 3056 (a 2938 2867 ethanethiol (gauché€)G2 —7.34 —-11.31
1487 (b) 1429 (12) 1497 (p 1439 1443 ethanethiol (gauche), G2(MP2)  —7.85 —11.82
1486 (a) 1429 (0) 1494 (p 1436 1423 ethanethiol, exptl —-11.03
1475(a)  1418(0) 1494 {b 1436 1406 1,2-dichloroethane, G2 —30.24  —33.45
1467 (b) 1410 (6) 1489 b 1431 1384 1,2-dichloroethane, G2(MP2)  —31.71  —34.92
1331(a) 1280(11)  1348{(m 1296 1295 1,2-dichloroethane, exptl —29.98+ 0.25
1331 (b) 1280(16)  1332¢p 1281 1278 —30.8
1311 (a) 1260 (1) 1302 (p 1252 1268 1,2-ethanedid!,G2 —-90.1 —94.92
1301 (b) 1251 (0) 1299 gn 1249 1,2-ethanediol, G2(MP2) —-91.08  —95.90
1265 (a) 1216 (7) 1269(p 1220 1216 1,2-ethanediol, exptl —94.26+ 0.67
1241 (b) 1193(37)  1237¢p 1189 1208
1161 (a) 1115 (11) 1146 (p 1102 1142 aTaken from ref 34° Taken from ref 35¢ Taken from ref 27ad Cs
1143 (b) 1099 (1) 1140 ¢n 1096 1134 structure is 0.5 kcal/mol higher in energy at G2 levdRef 36, this
1047 (a) 1006 (1) 1068 (p 1027 1037 value is recommended by the NIST Thermochemical DatatiaS€he
1043 (b) 1003 (4) 1036 &b 996 1021 original value 30.18 + 0.25 kcal/mol at 548 K) given in ref 38a
1010 (a) 971 (0) 1000 gp 961 972 was reanalyzed by Cox and Pilcher (ref 38b)aken from ref 39. The
955 (b) 917 (0) 975 @ 937 937 two experimental AH,,, values are recommended by the NIST
769 (a) 738 (5) 793 762 758 Thermochemical Databa3e."tGg conformer, see ref 40 Taken from
749 (b) 720 (1) 783 @ 753 734 ref 41.
733 (b) 705 (5) 780 @ 750 _ _ )
724 (a) 695 (10) 752 (b 723 Enthalpies of Formation and Bond Enthalpies of Mustard
688 (b) 661 (118) 705 ¢ 678 702 and Its Decomposition Products. (a) Assessment of the
675(a)  649(47) 691 (a 664 690 Performance of G2(MP2) Theory in Calculations of Enthalpies
g% Eg; ggg ((%) g’g’gg g% ggi of Formation and Bond energies of Chloro- and Sulfur-
229 (a) 220 (2) 213 (2 205 245 Containing Speciesin most cases using G2(MP2) theory leads
224 (b) 214 (17) 206 & 198 240 to computed thermochemical values that are close to those
192 (a) 185 (0) 105 101 calculated at the G2 levét. Applications of G2 theory in the
13? (8) 1&‘: (g) lg(‘)‘ @ 1(5)8 thermochemistry of chlorirfé¢ and sulfut®d.containing com-
79 Eag 76 ((2)) 35 ((g 34 pounds demonstrate its capability of providing highly accurate
33 (a) 32 (1) 31 (h 30 results. We have calculated enthalpies of formation and bond

dissociation energies (BDE) for some prototypical molecules,

hich are similar to sulfur mustard and its products of
dissociation, for which experimental data are available (Tables
2 and 3). The G2 and G2(MP2) calculated energies of these

Harmonic Frequencies of the Most Stable Conformer of molecules are given in Table 2S (Supporting Information). The
Sulfur Mustard. There is at least a dozen conformers of G2 and G2(MP2) data are very close to each other and to the
mustard with energies that lie within a range of 4 kcal/d®ol.  experimental values with the exception of 1,2-dicholoroethane.
The energy differences between some of them are less 1 kcal/The experimental estimate of its enthalpy of formatidmf,,,)
mol at the MP2/6-31G(d) levéf. The experimental IR and differs by 3-4 kcal/mol from the G2 and G2(MP2) calculated
Raman spectra of mustard suggest the existence of an equilib-values that are also in agreement (Table 2). We have calculated
rium mixture of conformationg? The harmonic vibrational  the enthalpy of formation for 1,2-ethanediol for which more
frequencies calculated for th&, and C,, conformations of recent experimental data are availatileThe calculated and
mustard at the B3LYP/6-311G(d,p) level (Table 1) are in good experimentalAHs,., values are in very good agreement (Table
agreement with the experimental values (taking into account 2). Therefore, we suggest that the earlier experimehksl,,
that they correspond to a complex mixture of conformatidas). value for 1,2-dichloroethane be reexamined. All this assures
The vibrational frequencies calculated earlier at the HF/6-311G- that the G2(MP2) data on the thermochemistry of mustard, Cl-
(d,p) level®2also agree well with the experimental data. This (CH,),S(CH).Cl, should possess a similar high level of
allows the expectation that the HF/6-31G(d) vibrational frequen- accuracy. We have also calculated the enthalpy of formation
cies used in calculations of the mustard thermochemistry at thefor the highly toxic “half-mustard” (HSCKCH,C1, 10). The
G2(MP2) level are reliable. AHs, and AHg,,, values are—14.65 and—18.14 kcal/mol,

For further assessment of the accuracy of the B3LYP/6-311G- respectively, using G2(MP2) theory.
(d,p) and HF/6-31G(d) vibrational frequencies, following Sosa, = Comparison of the G2 and G2(MP2) calculated @, C—S,
Bartlett et al§ we have compared the calculated frequencies C—C, and G-H bond energies in prototypical sulfur- and
for gaucheethanethiol with the experimental data (Table 1S, chlorine-containing species with the experimental values dem-
Supporting Information). The calculated frequencies demon- onstrates the performance of the G2(MP2) theory (Table 3).
strate very good agreement with the experimental values. The maximal absolute difference between the G2 and G2(MP2)

a Calculated frequencies are scaled with 0.9614 see the text. The
experimental frequencies were matched according their values as don
in ref 10.P IR intensities are given in parentheses (in KM/mol).
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TABLE 3: Calculated G2 and G2(MP2), as Well as Experimental Bond Dissociation Enthalpies, in kcal/mol) for C —Cl,
C—C, C-S, and C-H Bond Cleavages in Prototypical Molecule%

molecule, method\bond <Cl c-C C-S C-H
sulfur mustard, G2(MP2) 87.95 85.06 78.48 94.04
C,HsCl, G2 85.06 89.51 102.93
C;HsCl, G2(MP2) 86.30 89.16 102.08
C;HsCl, exptl 82.9 (0K) 89.6 (298 K)

CHsClI, G2 82.89 99.90
CH;Cl, G2(MP2) 83.97 99.29
CHGsCl, exptl 82.3 (0K) 99.7 (298 K)
C;Hg, G2 88.30 100.86

C;Hs, G2(MP2) 88.55 101.00

C;He, exptl 87.60 (0 K) 100.1 (298 K)
CH3SH, G2 73.04

CH;SH, G2(MP2) 73.96

CH3SH, exptl 73.6 (298 K)

C,HsSH, G2 83.93 74.19

C;HsSH, G2(MP2) 84.04 75.28

C;HsSH, exptl 72.3 (298 K)

H3;CSCH;, G2 72.67

CICH,CH,CI, G2 86.06 89.65

CICH,CH,CI, G2(MP2) 86.29 88.68

HSCHCH,CI, G2(MP2) 83.10 74.80

H3CSCHCH,CI, G2(MP2) 75.59 94.53

a ExperimentaDg values were derived using the data from ref 2For thea-CH bond cleavage in sulfur mustard-or the H-CH,CH,CI bond

cleavage. The G2 calculated-€l bond energy for the HCH(CI)CH; bond
¢ For the H-CH,SCH,CH,CI bond cleavage.

TABLE 4: Bond Dissociation Energies,De, (in kcal/mol) for
the Homolytic C—CI, C—S, and C-C Bond Cleavages in the
Sulfur Mustard Molecule Calculated at Various
Computational Levelst

method\bond cCl c-C Cc-S

Sulfur Mustard

MP2/6-31G(d) 84.1 92.8 74.4

MP2/6-311G(d,p) 87.97 95.85 80.69

MP2/6-31HG(3df,2p) 93.42 95.11 84.38

QCISD(T)/6-311G(d,p) 83.71 90.04 75.93

G2(MP2y 92.05 92.19 82.52
Ethyl Chloride

MP216-311G(d,p) 86.4 98.7

MP2/6-31HG(3df,2p) 91.8 99.3

QCISD(T)/6-311G(d,p) 82.6 94.6

G2(MP2y 90.9 98.0

exptl, D¢ 87.5 98.5

2D, values were calculated at the MP2/6-31G(d) geomettietR2/
6-31G(d) data were taken from ref 9G2(MP2) D, values were
calculated using G2(MP2) energies without the ZPE corrections.
d ExperimentalDe values were derived from the experimentad
valueg’@using the zero-point energies calculated at the HF/6-31G(d)
level.

D, values is 1.3, 1.0, and 0.9 kcal/mol for-C, C—CI, and
C—H bonds, respectively. For the-< bond in ethanethiol,
the difference is 1.1 kcal/mol (Table 3). Could a lower level
of theory be capable of giving accurate values for these bond
energies? As seen from inspection of the@© C—CI, C-S,

and C-H bond energies in mustard, calculated at various levels
of theory (Table 4), higher levels of theory are indeed required

cleavage is 98.98 kcal/mdIFor the HC—SCH,CH.CI bond cleavage.

bond dissociation energid3, in ethyl chloride calculated at
various levels of theory with the experimental values (Table 4)
confirms the need of using a high level of theory. Therefore,
the calculations of bond cleavage resulting in open-shell
fragments having an adjacent lone-pair of electrons becomes
problematic in the absence of an extended basis set and electron
correlation corrections. Another interesting point is that while
the G2(MP2)D¢(C—CI) andD¢C—C) values for sulfur mustard

are close to each other (Table 4), hg(C—C) value is smaller

than theDo(C—CI) estimate (Table 5).

(b) Enthalpies of Formation and Bond Dissociation Energies
of Sulfur Mustard and Products of Its Decompositiofhe G2-
(MP2) calculated energies of sulfur mustard and the products
of its dissociation are listed in Table 3S (Supporting Informa-
tion). The G2(MP2) calculated enthalpies of formation of sulfur
mustard QAHt,,, = —36.86 kcal/mol) and radical fragments
formed by C-C, C—H, C-S, and C-CIl bond cleavage are
given in Table 6. The enthalpy of formation of sulfur mustard
is negative. Therefore, its decomposition into its elemental
species would not be accompanied by the release of heat.
However, if other products of the decomposition of sulfur
mustard have more negative enthalpies of formation, such
reactions would be exotherrnic. The characteristic of a reacting
compound that mainly determines the heat release is its chemical
composition and not its enthalpy of formatiéh.The G2(MP2)
calculated G-C, C—Cl, C—S, and C-H bond energies in sulfur
mustard are listed in Table 5.

There are no experimental data on the enthalpies of formation

to obtain accurate BDE estimates. The calculated bond energie®f the fragments and molecules which derive from the various

are also very sensitive to the quality of the basis set. The
extension of the basis set from the 6-31G(d) to the 64331

bond cleavages in sulfur mustard (Table 5) exceptAhg,,,
value for the chloromethyl radical (31 kcal/mél} This esti-

(3df,2p) basis set at the MP2 level results in an increase in the Mate does not agree with other, more recent, experimental esti-

De values of up to 10 kcal/mol. A comparison of tBevalues
calculated at the MP2/6-33#X5(3df,2p), QCISD(T)/6-311G-
(d,p), and G2(MP?2) levels (Table 4) shows that, while the BDE
for the C-C bond is treated reasonably well, for-G and C-ClI
cleavages in sulfur mustard the QCISD(T) level of theory may
be not sufficient to provide reliable results if only a moderately
sized basis set is used. A comparison of theGCand C-C

mates of theAHs,,, (H,CCI) that are 27+ 2 kcal/mof?2 and
28.0 £ 0.7 kcal/mol?® The G2(MP2) value of the\H,,,
(H2.CClI) in the present study (27.05 kcal/mol, Table 6) is in
excellent agreement with these more recent experimental
estimates.

The G2(MP2)D, values for mustard decrease in the order
C—H > C—Cl > C—C > C-S, whereas for the set of the
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TABLE 5: Calculated G2(MP2) Bond Dissociation Enthalpies, Gibbs Free Energies (in kcal/mol), and Entropy Changes for the
C—Cl, C—S, and C-C Bond Cleavage in the Sulfur Mustard Moleculé

bond D, (0 K) D, (298 K) AG (298 Ky D, (1800 K) AG (1800 K)
C—CI (homolytic cleavage) 88.0 89.3 77.8 90.1 19.3
C—CI (heterolytic cleavage) 147.8 148.2 140.0 147.4 101.5
C—C(homolytic cleavage) 85.1 85.8 71.7 98.0 —0.7 (4.3}
C—S (homolytic cleavage) 78.5 79.1 65.4 74.9 1.8 (6.8)
C—H (homolytic cleavagé) 94.0 95.7 85.3 98.5 29.8
C—H (homolytic cleavagé) 100.7 102.4 92.1 105.2 37.2

aWithout correction for internal rotatio®.AG values with an estimated correction for internal rotation (see text) are given in parentheses.
¢ Energy of the CICHCH(—H)SCH,CH,CI bond.? Energy of the CICH{H)CH,SCHCH,CI bond.

TABLE 6: Calculated G2(MP2) Gas-Phase Enthalpies of
Formation (in kcal/mol) of Sulfur Mustard
(2,2-Dichlorodiethyl Sulfide) (1b), the Products of C-Cl,
C—S, and C-C Bond Cleavages in 1b, and of
“Half-Mustard”

sulfur mustard and its fragments AH;s, AH,q

2,2-Dichlorodiethyl Sulfide 1b C, —30.89 —36.86

CICH,CH,SCH,CH," Cyclic Cation,2 Cs 171.83 165.94
CICH,CH;SCH,CCIH* Radical,3 C; 18.15 13.43
CICH,CH,SC(H)CH; Radical 4 C, 11.51 6.74
CICH,CH,;SCH,CH;* Radical,5 Cs (*A") 28.48 23.41
CICH,CH,SCH," Radical,6 Cs (?A") 25.69 21.92
CICH,CH,S Radical,7 Cs (?A") 22.13 19.16
CICH,CH;" Radical,8 Cs (°A") 25.45 23.05
CICH,® Radical,9 Cs (2A") 28.48 27.05
HSCH,CH,CI* 10 C; —14.65 —18.14

prototypical molecules, the bond energigsdecrease in order
C—H > C—C > C—Cl > C—S. TheD, (298 K) values forlb

are in the same relative order;-€l > C—C| > C—C > C-S,

as theD(0 K) values (Table 5). The most interesting finding
is that the G-C bond in sulfur mustard is weaker than the Cl
bond. As seen from Tables 3 and 5, the @l bond energies
increase from methyl chloride to ethyl chloride to sulfur mus-
tard with increasing carbon atoms. A similar trend is ob-
served for the €S bond energies as the chain length in-
creases. In contrast, the-C bond dissociation energy in sul-
fur mustard is smaller than the BDE{C) values in ethyl
chloride and ethane. This is likely a reflection of the greater
stabilization energy of the CICIEH,SCH, radical 6) with
respect to methyl radical. This suggestion is confirmed by the
stabilization energy (9.5 kcal/mol) calculated at the G2(MP2)
level (eq 1). The stabilization & is apparently caused by the

CICH,CH,SCH, (5) + CH, —
CH,SCH,CH,CI (13) + CH, (1)

HSCH, + CH, — CH;SH+ CH;, 2
CICH,CH, + CH, — CH,CH,CI + CH, 3
CICH, + CH, — CH,Cl + CH, 4
donor effect of the lone pairs of the-sulfur. Indeed, the

C—C bond energy,) in ethanethiol (84.04 kcal/mol using
the G2(MP2) theory) is close to th&,(C—C) energy in sulfur
mustard (85.06 kcal/mol) and is smaller than that in ethyl
chloride (89.16 kcal/mol, Table 3). The stabilization energy
of HSCH, (8.8 kcal/mol at the G2(MP2) level, eq 2) is close to
that for5.

The G2(MP2) radical stabilization energies for £HH,CI
and CHCI (egs 3 and 4) are smaller (1.9 and 4.7 kcal/mol).
Gibbs Free Energies For the Initial Decomposition of

Sulfur Mustard. A temperature of 500C is generally con-

TABLE 7: Calculated G2 and G2(MP2) Enthalpy and
Gibbs Free Energy for the C—Cl Bond Dissociation in
Methyl Chloride as Well as the Experimental Values (in
kcal/mol)

HaC—Cl G2(MP2) G2 expfl
AH (298 K) 85.74 84.65 83.8
AH (1800 K) 87.41 86.33 85.3
AG (298 K) 76.51 75.43 74.9
AG (1800 K) 25.14 24.05 25.7

aExperimental values were derived using the HSC 2.0 prodfam.

cracking of hydrocarbons; such processes typically take place
under conditions that promote second-order reactions. Metal
catalysis can also greatly facilitate thermal rearrangement/degra-
dation processes. Decomposition of organic waste in liquid
metals has been recently developed as an industrial prétess.
We address the question here whether the thermal decomposi-
tion of sulfur mustard is feasible at high temperatures (£800
2200 K) in the absence of any catalysis. If the decomposition
of mustard at these temperatures is not spontaneA@ (

< 0), it could remain as an intact mustard in an incineration
process.

Extrapolation of standard BDESs to high temperatures requires
taking into account the effects of entropy and, therefore, the
free energies of the bond dissociation processes become
important. First of all, we discuss sources of possible uncertain-
ties in the calculated free energies for the high temperature
decomposition of sulfur mustard.

(a) Estimate of the Accuracy of Calculated Gibbs Free
Energies for Mustard Decomposition at High Temperatures.
The existence of low-lying electronic states of radicals formed
as a result of high temperature bond cleavages in mustard is a
source of uncertainty in the computé® and, eventually, in
AG values. Low-lying electronic energy levels of these radi-
cals have to be known to calculate electronic contributions to
their entropies. To estimate an error due to neglecting such
contributions, we calculated the G2 enthalpy, entropy, and Gibbs
free energy for the €CI bond cleavage in methyl chloride.
The calculated values show very good agreement with the
experimental data both at 298 K and 1800 K (Table 7).
However, we should note that radicals formed in the ther-
mal decomposition of mustard such as O CH,CH,CI,
SCH,CH,CI, and others differ from Ckland that the errors
caused by neglecting electronic contributions to their entropies
can be larger than those found for the dissociation of methyl
chloride.

One more factor that can contribute to the uncertainty of the
calculatedAG values is treatment of internal rotation for high
temperature processes. Using the harmonic oscillator ap-
proximation for treating internal rotation at high temperature
can lead to significant errof8. To estimate the magnitude of
such an error, we calculated the free energy for thec®ond
dissociation of ethane for which the experimental values are

sidered to be sufficient to effect bond isomerization and thermal available. The correction for hindered rotation at 1000 K to
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TABLE 8: Calculated G2 and G2(MP2) Enthalpy and
Gibbs Free Energy for the C—C Bond Dissociation of
Ethane as Well as the Experimental Values (in kcal/mol)

Glukhovtsev et al.

TABLE 10: Calculated G2 and G2(MP2) Bond Dissociation
Energy and Gibbs Free Energy for the C-C Bond
Dissociation of 1,2-Dichloroethane (in kcal/mol)

H3C—CH;s G2 exptl CIH,C—CH,Cl — 2CH,CI G2(MP2) G2
AH (298 K) 90.8 89.9 Do (0 K) 88.7 89.7
AH (1000 K) 92.2 91.1 AG (1800 K) 5.7(6.3) 6.7 (7.3%
ﬁg gggolﬁ)() Zgi (48.79) 5708.}'15 2 AG value calculated with the correction for hindered internal

a Experimental values were derived using the HSC 2.0 prodfam.
b AG value corrected for the hindered internal rotation in ethane is given

in parentheses. This correction was calculated using the tabulated free

energy differences for hindered rotation and harmonic oscillator given
in ref 46. At 1000 K,RT = 1.99 kcal/mol that is smaller than the
experimental value for the internal rotation barrigy in ethane which

is 2.882+ 0.010 kcal/mdl” (The G2 calculated barrier is 2.79 kcal/
mol). The reduced moment of inertia in ethane is 2.4910747 kg n?

(ref 48) and the free rotor partition functio@d) for the methyl group

is 4.64 at 1000 K (1), = 0.22). At 1800 K,RT = 3.6 kcal/mol.
Therefore, the free rotor model can be used for the internal rotation in
ethane at this temperature. The correction toAl&value calculated
using the partition functions for the free rotor and harmonic oscillator
(the vibrational frequency corresponding to the internal rotation in
ethane is 293 cnt at the HF/6-31G* level (scaled with 0.8929)) is
1.36 kcal/mol. Applying this correction to the G2 computational results
on the dissociation of ethane leads to th&(1800 K) = 15.3 kcal/
mol.

TABLE 9: Calculated G2(MP2) Enthalpy and Gibbs Free
Relative Energies of thetrans and gaucheRotamers and the
Transition Structures of 1,2-Dichloroethane (in kcal/mol)

AE (G2(MP2), AH (G2(MP2), AG (G2(MP2),

H,CIC—CCIH, 0K) 298 K) 298 K)
trans (180°) 0 0 0
gauche(68.1°) 1.2 1.Bb 0.2
eclipsedC,, (0°) 8.6 8.p 8.6
eclipsed (119.9 4.6 4.p 4.7

a Experimental energy difference between t@icheand trans
rotamers is 1.05: 0.10 kcal/mol®® in excellent agreement with the
G2(MP2) results® Values are given without corrections for internal
rotation.

the AG value of the G-C bond cleavage in ethane is 0.3 kcal/
mol and the G2 calculatedG value (48.7 kcal/mol) is close
to the experimental value (50.1 kcal/mol; Table 8).

rotatiorp! is given in parentheses.

The calculations of the dissociation of mustard, which take
into account internal rotations about-C and C-S bonds,
require the determination of the all barrier heights for internal
rotations and the moments of inertia. As recently shown by
East and Radof¥?, calculations of the internal rotation barrier
of species containing heteroatoms with lone pairs require the
use of a large basis set like the 6-31G(2df,p) or larger basis
set and should be carried out at a correlated level. Sulfur
mustard is a molecule with four internal rotations and couplings
of the internal rotation modes should be addressed. For now
there is no a practical approach for treatment of such a multirotor
case. Furthermore, corrections for internal rotations in the
products of dissociation should be made as well. And the
problems described above for sulfur mustard, also take place
for such products of its decomposition asGH,SCHCH,-

Cl, CH;SCH,CH,CI, SCHCH,CI, and CHCH,CI. While
accurate calculations of the free energy of the thermal decom-
position of sulfur mustard will require further research, we can
approximate corrections for the internal rotations in sulfur
mustard and products of its dissociation. The data considered
above for 1,2-dichloroethane allow us to suggest that a correc-
tion of 5 kcal/mol per internal rotation would roughly ap-
proximate the upper limit of such corrections to thé (1800

K) values of the initial decompositions of sulfur mustard.
Assuming that corrections for the internal rotations in the sulfur
mustard molecule and those in the products of its unimolecular
decompositions resulting in the cleavage of just one bond can
almost compensate each other, an estimate can be applied for
each breaking bond. This leads to an uncertainty inAls
(1800 K) values of about5 kcal/mol53

(b) High-Temperature Decomposition of Mustardlhe

We have chosen 1,2-dichloroethane as a prototypical moleculecalculated bond cleavage enthalpies and Gibbs free energies

with two chlorines to model the effect of-&C internal rotation

in sulfur mustard on the free energies of its thermal decomposi-

tion. Calculations on the thermochemistry of the dissociation
of 1,2-dichloroethane into two molecules of chloromethyl radical
should address the internal rotation igHaC1,. Experimental
data show that theransrotamer of 1,2-dichloroethane is more
stable than thgaucheone in the gas phase, although this relative
energy order is inverted in the condensed pHés@he G2-
(MP2) calculated energy difference between gaicheand
transrotamers agrees well with the experimental value (Table
9). Even at 1800 K the internal rotation in 1,2-dichloroethane
is not yet free RT= 3.6 kcal/mol, whereas the rotational barrier

show that sulfur mustard is surprisingly stable with respect to
thermal decomposition even at 1800 K (Table 5, with an
uncertainty oft5 kcal/mol). At 1800 K the Gibbs free energy
for homolytic C-Cl bond cleavage idb yielding radical5 and

Cl is reduced to 19.4 kcal/mol while the BDE for heterolytic
C—Cl bond rupture remains high at 101.5 kcal/mol. These data
suggest that formation of the cyclic ethylene sulfonium ion
intermediate2 by loss of chloride anion will be restricted to
the condensed phase. As in the high-temperature oxidation of
long-chain alkane¥ the preferred mode of homolytic dissocia-
tion of 1 is C—C bond breaking and at 1800 K the free energy
for this bond cleavage to produce carbon rad&# 4.3 kcal/

heightV, is 4.6 kcal/mol). There are several formulas suggested mol. Dissociation of the €S bond will require temperatures

for the correction to the thermodynarnical functions due to one-
dimensional-hindered rotatidfi->° A correction of 0.6 kcal/
mol to theAGsgoovalue for reaction 5 was calculated using the

in excess of 1800 KAG = 6.8 kcal/mol). We have also
examined the BDE for botl- and f-CH homolytic bond
cleavage forming radical3 and4. The free energy foo-CH

tabulated free energy differences for hindered rotation and bond cleavage is reduced from 94.0 to 29.8 kcal/mol at 1800

harmonic oscillator given in ref 46 (Table 10). We have also
considered the case of free internal rotafibnThe calculated
correction to theAG (1800 K) value is 4.6 kcal/mol using the
free rotor approximation.

C,H,Cl,— 2CH,CI (5)

K. The corresponding energy requirements for homolytic
cleavage of thes-CH bonds are slightly higher at 100.7 and
37.2 kcal/mol. These values demonstrate that the thermal
decomposition of mustard would not be a spontaneous process
(which requiresAG < 0) unless temperatures are approaching
1800 K.
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TABLE 11: Calculated G2(MP2) Enthalpies and Gibbs Free Energies for the Subsequent Decompositions of the Primary
Products of C—C, C—S, C—Cl, and C—H Bond Cleavages in Sulfur Mustard (in kcal/mol)

reactions AH (298 K) AG (298 K) AH (1800 K) AG (1800 K)
1a CI(CHy)2SCH.CH; (5) — SCHCH,CI (7) + CH,CH; 9.0 -0.3 2.7 —40.0
1b SCHCH.CI (7) + H — HSCHCHCI (10) —89.4 —81.9 —90.4 —41.7
1c SCHCH.CI (7) — CH,CH.CI (8) + S 70.7 60.2 71.0 7.3
2a HCSCHCH.CI (6) — CH,CH,CI (8) + H.C=S 46.7 36.0 41.8 —13.6
2b CH,CH,CI (8) — CH,CH, + CI 19.2 12.1 17.9 —22.5
3a S(CHCH,CI), (1b) — H,C=CHS(CH,).Cl (11) + HClI 16.9 5.4 14.8 —-49.8
3b H,C=CHS(CH)-Cl (11) — H,C=CHSCH=CH, (12) + HCI 14.4 4.4 12.4 —46.1
3¢ H,C=CHS(CH).Cl (11) — H,C=CH + SCHCH,CI (7) 89.1 77.3 85.0 20.6
@ AH and AG values were calculated without corrections for internal rotations, see text.
TABLE 12: Calculated G2(MP2) Gibbs Free Energies for affording11 and12 provides additional pathways for the thermal
the Decomposition of Sulfur Mustard Into Selected Small decomposition of sulfur mustard.
Fragments (in kcal/molp
AG AG 4. Conclusions
reactions (298 K) (1800 K) 1) | h h HD i hiahl ’
n summary, even thoug is a highly reactive
S(CHCH.CI); — CS+ 3CH, + 2HCI 285.5 14.9 - .
S(CHCH,Cl), — HaC=S + ChHy + 362 2 972 compoun(_JI in the condensed phase, at r_u_gh temperature the gas-
2CH + 2HCI phase unimolecular thermal decomposition of mustard is not a
S(CH.CHCI), — H,S + 2CH,CI + 2CH 324.9 77.1 spontaneous process. Noncatalytic thermal destruction of sulfur
S(CH.CHCI); — H2S + 4CH + 2HCI 490.8 157.2 mustard apparently is not feasible at temperatures up to 1800

2 AG values were calculated without corrections for internal rotations, K at leaSt_' The preferable high-temperature decompOSi_tion
see text. pathways involve €C and C-S bond cleavages. (2) Envi-
ronmentally robust decomposition/destruction demands operat-

Therefore, in the absence of catalysis, robust environmentally ing conditions in excess of 2000 K to insure intrinsic safety in
sound decomposition of HD neccesitates an operating environ-the absence of a catalyst. (3) A relatively high level of theory
ment in excess of approximately 2000 K to insure that HD does IS required to accurately predict the bond dissociation energy
not exit the designated destruction device. We will consider resulting in radical fragments bearing adjacent lone pairs of
the role of metal catalyzed dissociatfdin our next study. electrons.

Secondary Thermal Pathways of Sulfur Mustard Decom- Acknowledgment. This work has been supported in part

position. We have 'also calculated the enthalpies and GIbbS. by the National Science Foundation (Grant CHE 96-06216).
free energies for various pathways for the secondary decomposis - : oo
. We thank the National Center for Supercomputing Applications
tion of sulfur mustard fragments. For example, the loss of a

chlorine atom from sulfur mustard affords radica{CICH,- (Urbana, lllinois) and Pittsburgh Supercomputing Center for

- . enerous amounts of computer time.
CH,SCH,CHjy) which can spontaneously lose ethylene with a g P
AGigoovalue of 40.0 keal/mol (Table 11). The rlesultlng radlc?a}l Supporting Information Available: Harmonic frequencies
7 can abstract a hydrogen atom to form thf partial decomposition ot 16 gaychestructure of ethanethiol calculated at the B3LYP/
product half-mustard, CIC}{CH,SH (AGis00= —41.7 kcal/mol),  §.311G(d,p) and HF/6-31G(d) levels and the experimental
which retains much of the toxicity of its parent. The loss of 51yes: G2 and G2(MP2) total energies of the species given in
sulfur from7 to form 8 (CICH,CHy) remains highly endothermic  15pjes 2,3, and 11; G2(MP2) total energies of sulfur mustard
even at 1800 KAH1g00= 71.0 kcal/mol). The loss of ethylene and products of the €Cl, C—S, C-C, and G-H bond
from 8, however, is a facile proces&\Ggoo = —22.5 keall ~ cleavages in sulfur mustard; G2(MP2) total energies ofrtires
mol) that leads to chlorine atom. Each of these intermediate 5nq gauche rotamers and the transition structures of 1,2-
radicals can abstract hydrogen from other fragments when gichloroethane (5 pages). Ordering information is given on any
concentrations are high and form a variety of PICs that may cyrrent masthead page.
survive a combustion process. The dominant homolytic de-
composition pathway remains—€C bond cleavage iib. It References and Notes
leads to CICHCH,SCH, (6) which can readily eliminate @) (@) Dab ko M. L Becks. I L: Lelli 3. L: L M. G
__ . . a anrowska, . |I.; becks, |. L.; Lelll, J. L.; Levee, . .

H,C=S with a negative free energy (Table 11). Hinshaw, D. B.Toxicol. Appl. Pharmacol1996 141, 568. (b) Although

The initial carbon radicals formed in the high-temperature s?lfﬁr mustarlc_i (HD) is yvelldknqu\:n for its Zkin vesicallting propderties, mostd

H 7 H of the mortality associated wit| HD is due to puimonary damage an
O%(Id.atlon of a”.(anes decay into alkenes and hydrogen atéms. associated infection's.(c) Anderson, D. R.; Byers, S. L.; Clark, C. R,;
Similar forma“(_)n of unsaturated compounds can be expectedschiehr, J. Alnhalation Toxicol 1997, 9, 43. (d) Compton, A. J. AMilitary
for the destruction of mustard. Indeed, another highly probable Chemical and Biological Agents. Chemical and Technological Properties
thermal process involves the concerted elimination of HCI from The 'Zre'fordBPresst5 J(:aplgwell'Alg?7¢h 1695 67 841, (b) Yana. Y
1b (AG1e00= —49.8 kcal/mol, Table 11). However, this half- . Gy & oS 3 P D e 1799 ) Y29 ¥
mustard derivativell still retains thes-sulfur ethyl chloride (3) (a) Cundy, V. A.; Lester, T. W.; Sterling, A. M.; Montestruc, A.
(CICH,CH,S—) functionality that is responsible for the toxicity ~ N.; Morse, J. S.; Leger, C. B.; Acharya, B\PCA1989 39, 944. (b) Cundy,
of this class of alkylating agefit. Elimination of the second \S/'_As'*teLr‘ﬁf]tger'AT',\Xv_"PL;%ﬁirr']g'g"v'\\;“_"ﬁiréﬁ; '\I/'osm.e;tifgg)’(AéNbAg'@g%
mole of HCI to yield divinylsulfide 12 is also a highly  w. D.J. Hazard. Mater.1989 22, 195. (c) Cundy, V. A.; Morse, J. S.;
exothermic processAGigoo = —46.1 kcal/mol). Thermal Senser, D. WJ. Air Pollut. Control Assoc1986 36, 824. (d) Glassman,

e ; ; |. Combustion Academic Press: San Diego, 1997.

decomposition oflb into selected minor fragments all have (4) (a) Gray, P. INucleic Acids Resl995 23, 4378. (b) Wormser,
positive free energies at 1800 K (Table 12). In a similar fashion, U.; Green. B. S.: Aradyellin, R.; Brodsky, B.: Shatz, I.; NyskaTaxicology
the elimination of one and two moles of hydrogen frdm 1996 108, 125.



3446 J. Phys. Chem. A, Vol. 102, No. 19, 1998

(5) (a) The enthalpy of formation of liquid “mustard” was determined
experimentall§° to be 200.57 1.58 kJ mof! at 298 K. Notably this study
of the thermochemistry of “mustard®,which is previous to the reseaféh
carried out in 1975, is dated 1918. (b) Johnson, WJHRes. Nat. Bur.
Stand. 1975 79A 635. (c¢) Hall, R. S.; Hutchinson, J. L. Chemical
Laboratory, Edgewood Arsenal. EA-L-87; 1918.

(6) Sosa, C.; Bartlett, R. J.; KuBulat, K.; Person, W.JBPhys. Chem.
1989 93, 577.

(7) Politzer, P.; Habibollahzadeh, D. Phys. Chem1994 98, 1576.

(8) (a) Broch, H.; Viani, R.; Vasilescu, Dnt. J. Quant. Chem1992
43, 511. (b) Hamza, A.; Broch, H.; Vasilescu, Bhem. Phys1996 204,
373. (c) Broch, H.; Hamza, A.; Vasilescu, Dnt. J. Quant. Chem1996
60, 21.

(9) (a) Hameka, H. F.; Emery, S. L.; Famini, G. R.; Leonard, J. M.;
Reutter, D.J. Phosphorus, Sulfur, Silicon & Related Eleb99Q 53, 373.

(b) Donovan, W. H.; Famini, G. R.; Jensen, J. O.; Hameka, HJ.F.
Phosphorus, Sulfur, Silicon & Related Elet®93 80, 47.

(10) (a) Donovan, W. H.; Famini, G. R. Phys. Chenil994 98, 3669.

(b) Donovan, W. H.; Famini, G. RJ. Mol. Struct. (THEOCHEM)L996
370,209.

(11) (a) Labanowski, J. K., Andzelm, J. W., Ed3ensity Functional
Methods in ChemistrySpringer: New York, 1991. (b) Ellis, D. E., Ed.
Density Functional Theory of Molecules, Clusters, and Spliiswer:
Dodrecht, 1995.

(12) Curtiss, L. A.; Raghavachari, K.; Pople, J.JAChem. Physl993
98, 1293.

(13) (a) Becke, A. DInt. J. Quant. Chem. Symf994 28, 625. (b)
Bauschlicher, C. W.; Partridge, KLhem. Phys. Lettl995 240, 533. (c)
Bauschlicher, C. W.; Partridge, H. Chem. Phys1995 103 1788. (d)
Hertwig, R. H.; Koch, W.J. Comput. Chenil995 16, 576. (e) Mebel, A.
M.; Morokuma, K.; Lin, M. C.J. Chem. Phys1995 103 7414.

(14) (a) Allinger, N. L.; Sakakibara, K.; Labanowski,JJ.Phys. Chem.
1995 99, 9603. (b) Glukhovtsev, M. N.; Bach, R. D.; Nagel, CJJPhys.
Chem.1997 101, 316.

(15) (a) Ricca, A.; Bauschlicher, C. W. Phys. Cherml994 98, 12899.

(b) Ricca, A.; Bauschlicher, C. Wrheor. Chim. Actal995 92, 123. (c)
Ricca, A.; Bauschlicher, C. WChem. Phys. Lett1995 245, 150. (d)
Holthausen, M. C.; Heinemann, C.; Cornehl, H.; Koch, W.; Schward, H.
Chem. Phys1995 102 4931. (e) Holhausen, M. C.; Mohr, M.; Koch, W.
Chem. Phys. Letll995 240,245. (f) Stakigt, D. Chem. Phys. Letfl996
250, 387. (g) Bach, R. D.; Shobe, D. S.; Schlegel, H. B.; Nagel, Q. J.
Phys. Chem1996 100, 8770.

(16) Smith, B. J.; Radom, LChem. Phys. Lettl994 231, 345.

(17) (a) Rauhut, G.; Pulay, Rl. Phys. Chem1995 99, 3093. (b)
Langhoff, S. RJ. Phys. Chem1996 100, 2819. (c) De Proft, F.; Martin,

J. M. L.; Geerlings, PChem. Phys. Lettl996 250, 393.

(18) (a) Becke, A. DPhys. Re. A 1988 37, 785. (b) Lee, C.; Yang,
W.; Parr, R. GPhys. Re. 1988 B41, 785.

(19) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Stevens, P. J.;
Devlin, F. J.; Chablowski, C. F.; Frisch, M. J. Phys. Chem1994 80,
11623.

(20) (a) Raghavachari, K.; Curtiss, L. A. Modern Electronic Structure
Theory Yarkony, D. R., Ed.; World Scientific: Singapore, 1995; p 991.
(b) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Pople, 1J.Ahem.
Phys.1997, 106, 1063.

(21) Papirmeister, B.; Feister, A. J.; Robinson, S. I.; Ford, RvIBdical
Defense Against Mustard Ga6RC Press: Boca Raton, FL, 1991.

(22) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JAB\Initio
Molecular Orbital Theory Wiley: New York, 1986.

(23) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Peterson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Allaham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B,
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Wong, M.
W.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Martin, R. L.; Fox, D. J;
Binkley, J. S.; DeFrees, D. J.; Baker, J.; Stewart, J. J. P.; Head-Gordon,
M.; Gonzalez, C.; Pople, J. A. GAUSSIAN-94; Gaussian, Inc.: Pittsburgh,
PA, 1995.

(24) (a) Schlegel, H. BJ. Comput. Chem1982 3, 214. (b) Schlegel,
H. B. Adv. Chem. Phys1987 67, 249. (c) Schlegel, H. B. IiModern
Electronic Structure TheoryYarkony, D. R., Ed.; World Scientific:
Singapore, 1995; p 459.

(25) Scott, A. P.; Radom, L1. Phys. Chem1996 100, 16502.

(26) Nicolaides, A.; Rauk, A.; Glukhovtsev, M. N.; Radom,XPhys.
Chem.1996 100, 17460.

(27) (a) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
R. D.; Mallard, W. G.J. Phys. Chem. Ref. DatB988 (Suppl. 1)17. (b)
Chase, M. W.; Davies, C. A.; Downey, J. R.; Frurip, D. J.; McDonald, R.
A.; Syverud, A. N.J. Phys. Chem. Ref. Date085 (Suppl. 1)14.

Glukhovtsev et al.

(28) Montgomery, L. K. InStereochemical Applications of Gas-Phase
Electron Diffraction Hargittai, I., Hargittai, M., Eds.; VCH Publishers: New
York, 1988; Part B, p 209.

(29) Harmony, M. D.; Laurie, V. W.; Kuczkowski, R. L.; Ramsay, D.
A.; Lovas, F. J.; Lafferty, W. J.; Maki, A. GJ. Phys. Chem. Ref. Data
1979 8, 619.

(30) Jensen, T.; Brodersen, S.; GuelachviliJGViol. Spectrosc1981
88, 378.

(31) (a) Reed, A. R.; Weinstock, R. B.; Weinhold, F>.Chem. Phys.
1985 83, 735. (b) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re.
1988 88, 899. (c) Weinhold, F.; Carpenter, J. E.The Structure of Small
Molecules and londNaaman, R., Vager, Z., Eds.; Plenum Press: New York,
1988; p 227. (d) Reed, A. E.; Weinhold, 5r. J. Chem.1991, 31, 277.

For examples of For recent NPA applications, see: (e) Reed, A. E.; Schleyer,
P. v. R.J. Am. Chem. Socl99Q 112 1434. (f) Glukhovtsev, M. N.;
Schleyer, P. v. RChem. Phys. Letl992 198 547. (g) Mestres, J.; Duran,
M.; Bertran, J.Theor. Chim. Actal994 88, 325. (h) Nemukhin, A. V.;
Grigorenko, B. L.Chem. Phys. Lettl995 233 627. (i) Glukhovtsev, M.
N.; Pross, A.; Radom, LJ. Am. Chem. Sod 995 117, 2024.

(32) Christesen, S. Dl. Raman Spectrosd.991, 22, 459.

(33) (a) Gauld, J. W.; Radom, L1. Phys. Chem1994 98, 777. (b)
Glukhovtsev, M. N.; Bach, R. DJ. Phys. Chem. A997 100, 3574. (c)
Colegrove, B. T.; Thompson, T. B. Chem. Phys1997 106, 1480. (d)
Chiu, S.-W.; Li, W.-K.; Tzeng, W.-B.; Ng, C.-YJ. Chem. Physl992 97,
6557.

(34) Gurvich, L. V.; Veyts, I. V.; Alcock, C. B.Thermodynamic
Propernes of Indiidual Substancegith ed.; Hemisphere: New York, 1989.
(35) Fletcher, R. A.; Pilcher, Glrans. Faraday Socl971 67, 3191.

(36) McCullough, J. P.; Hubbard, W. N.; Frow, F. R.; Hossenlopp,
A.; Waddington, GJ. Am. Chem. S0d.957, 79, 561.

(37) NIST Standard Reference Databaleymber 69. February, 1997.
(http://webbook.nist.gov/chemistry.)

(38) (a) Lacher, J. R.; Amador, A.; Park, J. D.Chem. Soc., Faraday
Trans. 1967, 63, 1608. (b) Cox, J. D.; Pilcher, GThermochemisry of
Organic and Organometallic Compoundacademic Press: New York,
1970.

(39) Kirkbride, F. W.J. Appl. Chem1956 6, 11.

(40) Chang, Y.-P.; Su, T.-M.; Li, T.-W.; Chao,J. Phys. Chem. A997,
101, 6107.

(41) Knauth, P.; Sabbah, Btruct. Chem199Q 1, 43.

(42) (a) Holmes, J. L.; Lossing, F. B. Am. Chem. Sod988 110,
7343. (b) Seetula, J. Al. Chem. Soc., Faraday Trank996 92, 3069.

(43) Nagel, C. J.; Chanenchuk, C. A.; Wong, E. W.; Bach, R. D.
Environ. Sci. Technol1996 30, 2155.

(44) HSC Chemistryersion 2.0; Outokumpu Research: Riihantuntie,
Finland.

(45) Benson, S. Wrhermochemical Kinetic&Viley: New York, 1976.

(46) Ayala, P. Y.; Schlegel, B. Hl. Chem. Phys1998 in press.

(47) Hirota, E.; Endo, Y.; Saito, S.; Duncan, J.1.Mol. Spectrosc.
1981, 89, 285.

(48) Benson, S. Wrhermochemical Kineti¢§Viley: New York, 1976.

(49) (a) Morino, Y.J. Mol. Struct.1985 126, 1. (b) Fateley, W. G.;
Kiviat, F. E.; Miller, F. A. Spectrochim. Actd97Q A28,482.

(50) (a) Pitzer, K. S.; Gwinn, W. DJ. Chem. Phys1942 10, 428. (b)
Truhlar, D. G.J. Comput. Chenl991, 12, 266. (c) McClurg, R. B.; Flagan,

R. C.; Goddard, W. AJ. Chem. Phys1997, 106, 6675. (d) East, A. L. L,;
Radom, L.J. Chem. Phys1997 106, 6655.

(51) (a) The reduced moment of inertia for & is 58.9 amu & (9.78
x 10746 kg n?).#6 The partition functions for harmonic oscillator and free
rotor were calculated using standard formulas, see ref 46. The torsional
harmonic frequency calculated for ttransconformer of 1,2-dichloroethane
at the HF/6-31G* level is 113 cnt (v(a,), scaled using the scaling factor
of 0.8929; the experimental vaki€is 129 cntl). The symmetry number
is 346 (b) Weiss, S.; Loroi, G. EJ. Chem. Phys1968 48, 962.

(52) East, A. L. L.; Radom, LJ. Chem. Phys1997 106, 6655.

(53) When a rotation barrier\o, is larger thanRT, the entropy
contributions from free rotation are larger than those for hindred rotation.
The latter is larger than the entropy values calculated for the harmonic
oscillator modeP? Therefore, if a bond cleavage in sulfur mustard results
in decreasing a number of the internal rotations by one, the corrections for
internal rotations, based on the consideration of a single rotor in 1,2-
dicholoroethane, should lead to an increase of the free energy of the thermal
decomposition of sulfur mustard until the higrasymptote is reached and
RTbecomes larger than thg value. At higher temperatures, the free rotor
model can be applied and it should result in a low&s value than that
calculated within the harmonic oscillator model. Therefore, if a bond
cleavage in sulfur mustard results in decreasing the number of internal
rotations by one, a positive or a negative correction can be applied depending
on theVy/RT ratio.



